Data Centre Optical Wireless Downlink with WDM and Multi-Access Point Support by Alsulami, OZ et al.
This is a repository copy of Data centre optical wireless downlink with WDM and 
multiaccess point support.
White Rose Research Online URL for this paper:
http://eprints.whiterose.ac.uk/160687/
Version: Accepted Version
Proceedings Paper:
Alsulami, OZ orcid.org/0000-0002-2096-307X, Saeed, SOM, Mohamed, SH et al. (3 more 
authors) (Accepted: 2020) Data centre optical wireless downlink with WDM and 
multiaccess point support. In: Proceedings of the 22nd International Conference on 
Transparent Optical Networks (ICTON 2020) IEEE Xplore. 22nd International Conference 
on Transparent Optical Networks (ICTON 2020), 19-23 Jul 2020, Bari, Italy. . (In Press) 
Protected by copyright. Personal use of this material is permitted. Permission from IEEE 
must be obtained for all other uses, in any current or future media, including 
reprinting/republishing this material for advertising or promotional purposes, creating new 
collective works, for resale or redistribution to servers or lists, or reuse of any copyrighted 
component of this work in other works. 
eprints@whiterose.ac.uk
https://eprints.whiterose.ac.uk/
Reuse 
Items deposited in White Rose Research Online are protected by copyright, with all rights reserved unless 
indicated otherwise. They may be downloaded and/or printed for private study, or other acts as permitted by 
national copyright laws. The publisher or other rights holders may allow further reproduction and re-use of 
the full text version. This is indicated by the licence information on the White Rose Research Online record 
for the item. 
Takedown 
If you consider content in White Rose Research Online to be in breach of UK law, please notify us by 
emailing eprints@whiterose.ac.uk including the URL of the record and the reason for the withdrawal request. 


'DWDFHQWUHRSWLFDOZLUHOHVVGRZQOLQNZLWK:'0DQGPXOWL
DFFHVVSRLQWVXSSRUW
2VDPD=ZDLG$OVXODPL6DUDK206DHHG6DQDD+DPLG0RKDPHG
7(+(O*RUDVKL0RKDPPHG7$OUHVKHHGLDQG-DDIDU0+(OPLUJKDQL
6FKRRORI(OHFWURQLFDQG(OHFWULFDO(QJLQHHULQJ8QLYHUVLW\RI/HHGV/6-78QLWHG.LQJGRP
'HSDUWPHQWRI(OHFWULFDO(QJLQHHULQJ.LQJ6DXG8QLYHUVLW\5L\DGK.LQJGRPRI6DXGL$UDELD
POR]PD#OHHGVDFXNHOVRPV#OHHGVDFXNHOVKP#OHHGVDFXN
WHKHOJRUDVKL#OHHGVDFXNPDOUHVKHHGL#NVXHGXVDMPKHOPLUJKDQL#OHHGVDFXN
$%675$&7
7KH DELOLW\ WR SURYLGH YHU\ KLJK GDWD UDWHV LV D VLJQLILFDQW EHQHILW RI RSWLFDO ZLUHOHVV FRPPXQLFDWLRQ 2:&
V\VWHPV,QWKLVSDSHUDQRSWLFDOZLUHOHVVGRZQOLQNLQDGDWDFHQWUHWKDWXVHVZDYHOHQJWKGLYLVLRQPXOWLSOHDFFHVV
:'0$LVGHVLJQHG5HG\HOORZJUHHQDQGEOXH5<*%ODVHUGLRGHV/'VDUHXVHGDVWUDQVPLWWHUVWRSURYLGH
DKLJKPRGXODWLRQEDQGZLGWK$:'0$VFKHPHEDVHGRQ5<*%/'V LVXVHGWRSURYLGHFRPPXQLFDWLRQIRU
PXOWLSOHUDFNVDWWKHVDPHWLPHIURPWKHVDPHOLJKWXQLW7ZRW\SHVRIRSWLFDOUHFHLYHUVDUHH[DPLQHGLQWKLVVWXG\
DQDQJOHGLYHUVLW\UHFHLYHU$'5ZLWKWKUHHEUDQFKHVDQGDSL[HOLPDJLQJUHFHLYHU,P57KHSURSRVHGGDWD
FHQWUHDFKLHYHVKLJKGDWDUDWHVZLWKDKLJKHUVLJQDOWRLQWHUIHUHQFHSOXVQRLVHUDWLR6,15IRUHDFKUDFNZKLOH
XVLQJVLPSOHRQRIINH\LQJ22.PRGXODWLRQ

.H\ZRUGV9/&ODVHUGLRGHVGDWDFHQWUHV:'0$$'5,P56,15GDWDUDWH
,1752'8&7,21
2SWLFDOZLUHOHVVFRPPXQLFDWLRQ2:&V\VWHPVFDQEHDWWUDFWLYHLQGDWDFHQWUHVGXHWRWKHLUHQHUJ\HIILFLHQF\
VFDODELOLW\DQGIOH[LELOLW\7KXVKXQGUHGVRIPHWUHVRIFDEOHVRURSWLFDOILEUHDUHUHSODFHGE\XVLQJ2:&V\VWHPV
$ YLVLEOH OLJKW FRPPXQLFDWLRQ 9/& V\VWHP LV D W\SH RI 2:& V\VWHP WKDW FDQ EH XVHG IRU GRZQOLQN
FRPPXQLFDWLRQLQWKHGDWDFHQWUH9/&LVDSURPLVLQJWHFKQRORJ\WKDWFDQSURYLGHKLJKGDWDUDWHVDQGKDVEHHQD
PDWWHURILQWHUHVWIRUUHVHDUFKHUVLQWHUHVWHGLQGDWDWUDQVIHU>@±>@7KHUDGLRIUHTXHQF\5)VSHFWUXPLVEHFRPLQJ
VFDUFHDVWKHGHPDQGIRUKLJKHUGDWDUDWHVLVJURZLQJ2IIHULQJYHU\KLJKGDWDUDWHVWKDWH[FHHG*ESVVRPHWLPHV
UHDFKLQJWKH7ESVUHJLRQE\XVLQJUDGLRV\VWHPVLVKLJKO\FKDOOHQJLQJ&LVFRVWDWHVWKDW,QWHUQHWWUDIILFLVH[SHFWHG
WRJURZWLPHVEHWZHHQDQG>@,WKDVEHHQVKRZQE\PDQ\VWXGLHVWKDW9/&V\VWHPVFDQWUDQVPLW
YLGHRGDWDDQGYRLFHFRQWHQWVDWKLJKGDWDUDWHVXSWR*ESVLQLQGRRUHQYLURQPHQWV>@>@>@>@>@±
>@>@,QDGGLWLRQ9/&FDQRIIHUDOLFHQVHIUHHEDQGZLGWKWKDWKDVKLJKVHFXULW\DQGLVORZFRVWFRPSDUHGWR
5)V\VWHPV>@>@±>@+RZHYHUVRPHOLPLWDWLRQVRIWKH9/&V\VWHPKDYHEHHQGHPRQVWUDWHGVXFKDVWKH
DEVHQFHRIOLQHRIVLJKW/26FRPSRQHQWVLQVRPHOLQNVZKLFKVLJQLILFDQWO\UHGXFHWKHV\VWHP¶VSHUIRUPDQFH
$OVRLQWHUV\PEROLQWHUIHUHQFH,6,FDXVHGE\WKHPXOWLSDWKSURSDJDWLRQFDQUHGXFHWKHV\VWHP¶VSHUIRUPDQFH
,QDGGLWLRQLQWHUIHUHQFHIURPGLIIHUHQWXVHUVFDQDOVRKDYHDQLPSDFWRQWKHSHUIRUPDQFHRIWKHV\VWHP2:&
PXOWLSOH DFFHVV WHFKQLTXHV FDQ EH XVHG WR UHGXFHG LQWHUIHUHQFH IURP RWKHU XVHUV E\ HPSOR\LQJ D YDULHW\ RI
RUWKRJRQDO FRGLQJ PHWKRGV VXFK DV D ZDYHOHQJWK GLYLVLRQ PXOWLSOH DFFHVV :'0$ 5HFHQWO\ :'0$ KDV
UHFHLYHGDWWHQWLRQHVSHFLDOO\LQWKHFRQWH[WRIVXSSRUWLQJPXOWLSOHXVHUV>@>@±>@

7KLVSDSHUSURSRVHVDGDWDFHQWUHEDVHGRQDGRZQOLQN9/&V\VWHP$:'0$VFKHPHEDVHGRQUHG\HOORZ
JUHHQDQGEOXH5<*%/DVHU'LRGHV/'VLVXVHGLQWKLVZRUNLQFRQMXQFWLRQZLWKWZRW\SHVRIUHFHLYHUVDQ
DQJOHGLYHUVLW\UHFHLYHU$'5DQGDQLPDJLQJUHFHLYHU,P57KHHIIHFWVRIPXOWLSDWKSURSDJDWLRQDUHFRQVLGHUHG
LQWKLVZRUN:KLWHFRORXUFDQEHSURYLGHGE\XVLQJ5<*%/'VIRULQGRRULOOXPLQDWLRQDVUHSRUWHGLQ>@,Q
DGGLWLRQ5<*%/'VFDQEHXVHGDVWUDQVPLWWHUVWRSURYLGHDKLJKPRGXODWLRQEDQGZLGWK7KHUHVWRIWKHSDSHULV
RUJDQLVHGDVIROORZV7KHGDWDFHQWUHFRQILJXUDWLRQ LVGHVFULEHG LQ6HFWLRQDQG WKHRSWLFDO UHFHLYHUGHVLJQLV
GLVFXVVHG LQ6HFWLRQ6HFWLRQ LQWURGXFHV WKHRSWLFDO WUDQVPLWWHUGHVLJQDQG6HFWLRQVKRZV WKHVLPXODWLRQ
UHVXOWVDQGWKHFRQFOXVLRQVDUHSURYLGHGLQ6HFWLRQ
'$7$&(175(&21),*85$7,21
7KHGLPHQVLRQVRIDSRGLQWKHGDWDFHQWUHDUHDVVXPHGWREHOHQJWKîZLGWKîKHLJKWPîPîPLQWKLV
VWXG\VLPLODUWR>@7KUHHURZVRIUDFNVDUHDVVXPHGLQWKHGDWDFHQWUHDQGHDFKURZFRQVLVWVRIUDFNV>@±
>@(DFKUDFNKDVLWVRZQWRSRIUDFN7R5VZLWFKZKLFKLVSODFHGDWWKHWRSRIWKHUDFNDQGXVHVWKHUHGFRORXU
DVVKRZQLQ)LJXUHE7KH7R5VZLWFKLVXVHGDVDFRPPXQLFDWLRQFRRUGLQDWRUEHWZHHQVHUYHUVLQVLGHWKHUDFN
DQG WKH UHVWRI WKHGDWDFHQWUH 7KHUDFNGLPHQVLRQV OHQJWKîZLGWKîKHLJKWDUH VKRZQLQ)LJXUHE,Q WKH
SURSRVHGGDWDFHQWUHPRUHWKDQRQHPHWHUKDVEHHQVHWEHWZHHQURZVRIUDFNVDQGEHWZHHQHDFKURZRIUDFNVDQG
ZDOOVIRUYHQWLODWLRQ,QWKHVLPXODWLRQDUD\WUDFLQJDOJRULWKPZDVXWLOLVHGIRUPRGHOOLQJWKHFHLOLQJZDOOVDQG
IORRUUHIOHFWLRQVLQVLGHWKHGDWDFHQWUH>@(DFKVXUIDFHLQVLGHWKHGDWDFHQWUHZDVGLYLGHGLQWRVPDOOHTXDODUHDV
݀ܣሻZLWKDUHIOHFWLRQFRHIILFLHQWߩሻ5HIOHFWLRQVXSWRVHFRQGRUGHUZHUHFRQVLGHUHGLQWKHVLPXODWLRQGXHWRWKH
IDFWWKDWUHIOHFWLRQVKLJKHUWKDQWKHVHFRQGRUGHUKDYHQRHIIHFWRQWKHUHFHLYHGVLJQDO>@,WKDVEHHQVKRZQWKDW
SODVWHUZDOOVZKLFKDUHFRQVLGHUHGLQWKLVZRUNUHIOHFWVLJQDOVLQD/DPEHUWLDQSDWWHUQ>@7KXVWKHFHLOLQJZDOOV
DQGIORRULQVLGHWKHGDWDFHQWUHZHUHPRGHOOHGDV/DPEHUWLDQUHIOHFWRUVWKDWKDYHDUHIOHFWLRQFRHIILFLHQWHTXDOWR
IRUWKHFHLOLQJDQGZDOOVDQGIRUWKHIORRU>@(DFKVXUIDFHFRQVLVWVRIPDQ\VPDOODUHDVWKDWDFWDVDVPDOO
VHFRQGWUDQVPLWWHUV7KH\UHIOHFWWKHUHFHLYHGVLJQDOLQWKHIRUPRID/DPEHUWLDQSDWWHUQZKHUH݊HPLVVLRQRUGHU
LVHTXDOWR7KHVHVPDOODUHDVFDQKDYHDVLJQLILFDQWLPSDFWRQWKHUHVXOWV¶WLPHUHVROXWLRQ:KHQWKHVHDUHDVDUH
YHU\VPDOODKLJKHUUHVROXWLRQLVREWDLQHGDWWKHFRVWRIORQJHUVLPXODWLRQWLPH7KHUHIRUHHDFKRIWKHVHVPDOO
DUHDVZDVFKRVHQWREHFPîFPIRUWKHILUVWRUGHUUHIOHFWLRQDQGFPîFPIRUWKHVHFRQGRUGHUUHIOHFWLRQ
WRNHHSWKHVLPXODWLRQFRPSXWDWLRQWLPHZLWKLQDUHDVRQDEOHOLPLW>@>@$FRPPXQLFDWLRQIORRU&)ZDVVHW
DWPDERYHWKHIORRUVHH)LJXUHDZKLFKPHDQVWKDWDOOFRPPXQLFDWLRQVDUHGRQHDERYHWKLV&)%HORZWKH
&)URZVRIUDFNVDQGUDFNVFDQEHFRQQHFWHGWKURXJKDFDEOH
237,&$/5(&(,9(5'(6,*1
,QWKLVZRUNDQRSWLFDOUHFHLYHUZDVSODFHGRQWKHWRSPLGGOHRIHDFKURZRIUDFNVDVVKRZQLQ)LJXUHD(DFK
UHFHLYHURIHDFKURZRIUDFNVMXVWFRYHUVWKHWKUHHWUDQVPLWWHUVWKDWDUHSODFHGPGLUHFWO\DERYHWKHURZRIUDFNV
7ZRW\SHVRIRSWLFDOUHFHLYHUZHUHFRQVLGHUHGLQWKLVVWXG\7KHILUVW LVDQDQJOHGLYHUVLW\UHFHLYHU$'5WKDW
FRQVLVWVRIWKUHHEUDQFKHVEUDQFKHVDQGFRQVLVWRIWKUHHGHWHFWRUVZKLOHEUDQFKFRQWDLQVGHWHFWRUVDVVKRZQ
LQ)LJXUHD%UDQFKDQGVHUYHWKHVL[UDFNVLQWKHFRUQHURIHDFKURZZKHUHDVEUDQFKMXVWVHUYHVWKHIRXU
UDFNV LQWKHPLGGOHRIHDFKURZ7KH$'5ZDVXVHG WRFROOHFWVLJQDOVIURPDVSHFLILF ORFDWLRQZKLOHUHGXFLQJ
LQWHUIHUHQFH(DFKEUDQFKIDFHVDGLIIHUHQWGLUHFWLRQWRFRYHUGLIIHUHQWWUDQVPLWWHUVLQWKHFHLOLQJRIWKHGDWDFHQWUH
E\XVLQJWKH$]LPXWKሺܣݖሻDQG(OHYDWLRQሺܧ݈ሻDQJOHV7KHܧ݈DQJOHVRIWKHWKUHHEUDQFKHVDUHVHWDVIROORZVWZR
EUDQFKHVKDYHDQDQJOHHTXDO WRZKLOH WKHEUDQFK WKDW IDFHVXSZDUGV LV VHW WR 7KH ܣݖ DQJOHVRI WKH
EUDQFKHVDUHDQG7KH)29RIHDFKGHWHFWRULVVHWDW,QDGGLWLRQHDFKGHWHFWRUKDVDQDUHDHTXDO
WR  ? ?݉ ଶ݉ 7KH VHFRQG W\SH RI RSWLFDO UHFHLYHU LV DQ LPDJLQJ UHFHLYHU ,P5 ZKLFK FRQWDLQV  SL[HOV IRU
FROOHFWLQJVLJQDOVDQGUHGXFLQJLQWHUIHUHQFH)RXU,P5VZHUHORFDWHGRQWKHWRSPLGGOHRIHDFKURZRIUDFNV(DFK
DE
)LJXUH2SWLFDOZLUHOHVVGDWDFHQWUHV\VWHPD'DWD&HQWUH&RQILJXUDWLRQE5DFNGLPLQXWLRQV

DE
)LJXUH2SWLFDO5HFHLYHU'HVLJQD$'5E,P5

SL[HOKDVDQDUHDHTXDOWR ? ?݉ ଶ݉ZLWKDQDUURZ)297KH,P5XVHVDOHQVWKDWLVSODFHGDERYHWKHSL[HOVDQG
WKH)29RIWKLVOHQVHTXDOWRWRFROOHFWVLJQDOVIURPWKHWKUHHWUDQVPLWWHUVDERYHWKHURZRIUDFNV
237,&$/75$160,77(5'(6,*1
,QWKLVVWXG\5<*%/'VOLJKWXQLWVDUHXVHGIRULOOXPLQDWLRQDVZHOODVDWUDQVPLWWHUIRUFRPPXQLFDWLRQ7KHGDWD
FHQWUHFRQVLVWVRIQLQH5<*%/LJKWXQLWVDVVKRZQLQ)LJXUHD(DFKRQHRIWKHVHOLJKWXQLWVFRQVLVWVRIZLGH
VHPLDQJOH5<*%/'V7KHVHPLDQJOHRIHDFKRQHRIWKHVH5<*%/'VZDVVHWWR-?WRLQFUHDVHWKHLOOXPLQDWLRQ
OHYHOLQVLGHWKHGDWDFHQWUH7KHVHOLJKWXQLWVZHUHSRVLWLRQHGLQGLIIHUHQWIL[HGORFDWLRQVRQWKHFHLOLQJP
PPPPPPPPPPPPPPPPPPP
P  P  P  P DQG  P  P  P 7KH ORFDWLRQV RI WKHVH OLJKW XQLWV ZHUH FKRVHQ WR RIIHU JRRG
FRPPXQLFDWLRQOLQNVIRUHDFKURZRIUDFNV7KXVHDFKURZRIUDFNVFROOHFWVVLJQDOVIURPWKHWKUHH5<*%/'V
OLJKWXQLWVWKDWDUHSODFHGPDERYHWKHURZRIUDFNV
6,08/$7,216(783$1'5(68/76
,Q WKLVZRUNHDFKURZRIUDFNV UHFHLYHGWKHVLJQDO IURPWKHWKUHH5<*%/'VOLJKWXQLWV WKDWDUHSODFHGP
GLUHFWO\ DERYH WKH URZ RI UDFNV ,Q DGGLWLRQ HDFK UDFN UHFHLYHV D ZDYHOHQJWK GLIIHUHQW ZDYHOHQJWK IURP LWV
QHLJKERXUWRSURYLGHDKLJKHUGDWDUDWHV$VPHQWLRQHGDERYHD:'0$ZDVXVHGLQ WKLVZRUN7KHDVVLJQHG
ZDYHOHQJWKDQGOLJKWXQLWRIHDFKUDFNDUHVKRZQLQ7DEOH7KHRSWLFDOUHFHLYHUWKDWLVSODFHGLQWKHWRSPLGGOH
RIHDFKURZRIUDFNVUHFHLYHVWKHGHVLUHGZDYHOHQJWKIURPWKHVHOHFWHGOLJKWXQLWDQGWUDQVIHUVWKHUHFHLYHGGDWDWR
WKHURXWHURIWKHGHVLUHGUDFN

7DEOH7KHDVVLJQHGZDYHOHQJWKDQGOLJKWXQLWRIHDFKUDFN
5RZ 5RZ 5RZ
5DFN :DYHOHQJWK /LJKWXQLW 5DFN :DYHOHQJWK /LJKWXQLW 5DFN :DYHOHQJWK /LJKWXQLW
 5HG   5HG   5HG 
 *UHHQ   *UHHQ   *UHHQ 
 <HOORZ   <HOORZ   <HOORZ 
 5HG   5HG   5HG 
 *UHHQ   *UHHQ   *UHHQ 
 %OXH   %OXH   %OXH 
 <HOORZ   <HOORZ   <HOORZ 
 <HOORZ   <HOORZ   <HOORZ 
 *UHHQ   *UHHQ   *UHHQ 
 5HG   5HG   5HG 
$VRXWOLQHGLQWKH6HFWLRQWZRW\SHVRIRSWLFDOUHFHLYHUVDUHHYDOXDWHGLQWKLVVWXG\$'5DQG,P57KH6,15
VKRXOGEHKLJKWRGHFUHDVH WKHELWHUURU UDWH %(5ZKLFKFDQEHFDOFXODWHGZKHQXVLQJRQRIINH\LQJ22.
PRGXODWLRQDV
 ௘ܲ ൌ ܳ൫ ?ܵ ܫܴܰ൯
ZKHUHWKHIXQFWLRQܳሺ ?ሻLVWKH4IXQFWLRQ7KH6,15RIHDFKZDYHOHQJWKFDQEHGHWHUPLQHGXVLQJ
ܵܫܴܰ ൌ ோమೢ ሺ௉ೞభೢି௉ೞబೢሻమఙ೟మೢ ା ? ோమೢ ሺ௉೔భೢି௉೔బೢሻమಽ೗సభ 
ZKHUH ܴ௪ LV WKH SKRWRGHWHFWRU UHVSRQVLYLW\ EDVHG RQ WKH XVHG ZDYHOHQJWKሺܴ݁݀ ൌ  ?Ǥ ?஺ௐ ǡ ܻ݈݈݁݋ݓ ൌ  ?Ǥ ? ?஺ௐ ǡܩݎ݁݁݊ ൌ  ?Ǥ ?஺ௐ ܽ݊݀ܤ݈ݑ݁ ൌ  ?Ǥ ?஺ௐሻ ௦ܲଵ௪ LV WKH RSWLFDO SRZHU UHFHLYHG IURP WKH GHVLUHG ZDYHOHQJWK WKDW LVDVVRFLDWHGZLWKORJLF ௦ܲ଴௪ LV WKHUHFHLYHGRSWLFDOSRZHUIURPWKHGHVLUHGZDYHOHQJWKWKDWLVDVVRFLDWHGZLWKORJLFߪ௧௪LVWKHWRWDOQRLVHUHODWHGWRWKHUHFHLYHGVLJQDOIURPWKHGHVLUHGZDYHOHQJWK ௜ܲଵ௪ LVWKHUHFHLYHGRSWLFDOSRZHUIURPWKHRWKHUPRGXODWHGOLJKWXQLWVXVLQJWKHVDPHZDYHOHQJWKDVVRFLDWHGZLWKORJLFDQG ௜ܲ଴௪  LV WKHRSWLFDOSRZHUUHFHLYHGIURPWKHRWKHUPRGXODWHGOLJKWXQLWVXVLQJWKHVDPHZDYHOHQJWKDVVRFLDWHGZLWKORJLF
7KH,P5FRQVLVWVRIDOHQVDVVKRZQLQ)LJXUHFZLWKDWUDQVPLVVLRQIDFWRUWKDWGHSHQGVRQWKHLQFLGHQFHDQJOH
ߓZKLFKLVFRPSXWHGXVLQJ>@ܶܿሺߓሻ ൌ  െ ?Ǥ ? ? ? ?ߓଶ ൅  ?Ǥ ? ? ? ?ߓ ൅  ?Ǥ ? ? ? ?
)LJXUHDFRPSDUHVWKHVLJQDOWRLQWHUIHUHQFHSOXVQRLVHUDWLR6,15G%RIWKHWZRSURSRVHGRSWLFDOUHFHLYHUV
WKHLPDJLQJDQGDQJOHGLYHUVLW\UHFHLYHUVXVLQJWKHVHOHFWHGFRPELQLQJPHWKRG7KHUHVXOWVVKRZWKDWERWKW\SHV
RIRSWLFDOUHFHLYHUVSURYLGHKLJK6,15JUHDWHUWKDQG%ZKLFKLVQHHGHGIRU ௘ܲ ൌ  ? ?ିଽ>@7KH,P5RIIHUVKLJKHU6,15LQPDQ\UDFNVFRPSDUHGWRWKH$'5,QWHUPVRIWKHVXSSRUWHGGDWDUDWHWKH,P5FDQRIIHUGDWDUDWHV
XSWR*ESVIRUHDFKUDFNZKLOHWKHVXSSRUWHGGDWDUDWHZKHQXVLQJWKH$'5YDULHGEHWZHHQ*ESVDQG
*ESVDVVKRZQLQ)LJXUHE7KHVHVXSSRUWHGGDWDUDWHVDUHEDVHGRQWKH6,15LQ)LJXUHD7KXVWKH,P5LV
EHWWHUWKDQ$'5

D

E
)LJXUH2SWLFDOZLUHOHVVGDWDFHQWUHV\VWHPD&KDQQHO%DQGZLGWKE6,15DQGF'DWD5DWHRI$'5DQG,P5
&21&/86,216
,QWKLVSDSHUDGDWDFHQWUHGRZQOLQNZDVSURSRVHGXVLQJ5<*%/'VDVDWUDQVPLWWHU7KHSURSRVHGGDWDFHQWUH
FRQWDLQVUDFNVWKDWDUHGLYLGHGLQWRWKUHHURZV(DFKURZFRQVLVWVRIUDFNVDQGHDFKUDFNKDVDWRSRIUDFN
VZLWFKWKDWLVSODFHGRQWKHWRSRIWKHUDFN7ZRW\SHVRIRSWLFDOUHFHLYHUVZHUHH[DPLQHGLQWKHSURSRVHGGDWD
FHQWUHDQDQJOHGLYHUVLW\UHFHLYHU$'5DQGDQLPDJLQJUHFHLYHU,P5XVLQJDVLPSOHPRGXODWLRQWHFKQLTXH
22.$GDWDUDWHRI*ESVFDQEHDFKLHYHGIRUGRZQOLQNFRPPXQLFDWLRQIRUHDFKURZDWWKHVDPHWLPHE\
XVLQJWKH,P5ZKLOHWKH$'5SURYLGHVYDULHGGDWDUDWHVEHWZHHQ*ESVDQG*ESV7KH,P5SURYLGHVEHWWHU
UHVXOWVFRPSDUHGWRWKH$'5LQWHUPVRIWKHVXSSRUWHGGDWDUDWH

$&.12:/('*(0(176
7KHDXWKRUVZRXOGOLNHWRDFNQRZOHGJHIXQGLQJIURPWKH(QJLQHHULQJDQG3K\VLFDO6FLHQFHV5HVHDUFK&RXQFLO
(365&,17(51(7(3+67$5(3.DQG72:6(36SURMHFWV7KHDXWKRUV
H[WHQG WKHLU DSSUHFLDWLRQ WR WKH GHDQVKLS RI 6FLHQWLILF 5HVHDUFK XQGHU WKH ,QWHUQDWLRQDO 6FLHQWLILF 3DUWQHUVKLS
3URJUDP ,633 DW .LQJ 6DXG 8QLYHUVLW\ .LQJGRP RI 6DXGL $UDELD IRU IXQGLQJ WKLV UHVHDUFK ZRUN WKURXJK
,6332=$ZRXOGOLNHWRWKDQN8PP$O4XUD8QLYHUVLW\LQWKH.LQJGRPRI6DXGL$UDELDIRUIXQGLQJKLV
3K'VFKRODUVKLS6206ZRXOGOLNHWRWKDQNWKH8QLYHUVLW\RI/HHGVDQGWKH+LJKHU(GXFDWLRQ0LQLVWU\LQ6XGDQ
IRUIXQGLQJKHU3K'VFKRODUVKLS6+0ZRXOGOLNHWRWKDQN(365&IRUSURYLGLQJKHU'RFWRUDO7UDLQLQJ$ZDUG
VFKRODUVKLS$OOGDWDDUHSURYLGHGLQIXOOLQWKHUHVXOWVVHFWLRQRIWKLVSDSHU
5()(5(1&(6
>@ =*KDVVHPORR\:3RSRRODDQG65DMEKDQGDUL2SWLFDOZLUHOHVVFRPPXQLFDWLRQVV\VWHPDQGFKDQQHOPRGHOOLQJZLWK0DWODE

>@ )($OVDDGL0$$OKDUWRPLDQG-0+(OPLUJKDQL³)DVWDQGHIILFLHQWDGDSWDWLRQDOJRULWKPVIRUPXOWLJLJDELWZLUHOHVVLQIUDUHG
V\VWHPV´-/LJKW7HFKQROYROQRSS±
>@ $7+XVVHLQDQG-0+(OPLUJKDQL³*ESV0RELOH9LVLEOH/LJKW&RPPXQLFDWLRQ6\VWHP(PSOR\LQJ$QJOH'LYHUVLW\,PDJLQJ
5HFHLYHUVDQG5HOD\1RGHV´-2SW&RPPXQ1HWZYROQRSS±
>@ 6 + <RXQXV DQG - 0 + (OPLUJKDQL ³:'0 IRU KLJKVSHHG LQGRRU YLVLEOH OLJKW FRPPXQLFDWLRQ V\VWHP´ LQ ,QWHUQDWLRQDO
&RQIHUHQFHRQ7UDQVSDUHQW2SWLFDO1HWZRUNVSS±
>@ $7+XVVHLQ07$OUHVKHHGLDQG-0+(OPLUJKDQL³*EV0RELOH,QGRRU9LVLEOH/LJKW&RPPXQLFDWLRQ6\VWHP(PSOR\LQJ
%HDP6WHHULQJDQG&RPSXWHU*HQHUDWHG+RORJUDPV´-/LJKW7HFKQROYROQRSS±
>@ $7+XVVHLQ07$OUHVKHHGLDQG-0+(OPLUJKDQL³*ESVPRELOHYLVLEOHOLJKWFRPPXQLFDWLRQV\VWHPHPSOR\LQJIDVW
DGDSWDWLRQWHFKQLTXHV´LQWK,QWHUQDWLRQDO&RQIHUHQFHRQ7UDQVSDUHQW2SWLFDO1HWZRUNV,&721
>@ 2=$OVXODPL07$OUHVKHHGLDQG-0+(OPLUJKDQL³7UDQVPLWWHUGLYHUVLW\ZLWKEHDPVWHHULQJ´LQVW,QWHUQDWLRQDO
&RQIHUHQFHRQ7UDQVSDUHQW2SWLFDO1HWZRUNV,&721SS±
>@ 2=$OVXODPL02,0XVD07$OUHVKHHGLDQG-0+(OPLUJKDQL³9LVLEOHOLJKWRSWLFDOGDWDFHQWUHOLQNV´LQVW
,QWHUQDWLRQDO&RQIHUHQFHRQ7UDQVSDUHQW2SWLFDO1HWZRUNV,&721SS±
>@ &LVFR0RELOH&LVFR9LVXDO1HWZRUNLQJ,QGH[*OREDO0RELOH'DWD7UDIILF)RUHFDVW8SGDWH:KLWH3DSHU
>@ ./6WHUFN[-0+(OPLUJKDQLDQG5$&U\DQ³6HQVLWLYLW\DVVHVVPHQWRIDWKUHHVHJPHQWS\ULPDGDOIO\H\HGHWHFWRULQD
VHPLGLVSHUVHRSWLFDOZLUHOHVVFRPPXQLFDWLRQOLQN´,((3URF2SWRHOHFWURQYROQRSS±
>@ $*$O*KDPGLDQG-0+(OPLUJKDQL³3HUIRUPDQFHHYDOXDWLRQRIDWULDQJXODUS\UDPLGDOIO\H\HGLYHUVLW\GHWHFWRUIRURSWLFDO
ZLUHOHVVFRPPXQLFDWLRQV´,(((&RPPXQ0DJYROQRSS±
>@ 07$OUHVKHHGLDQG-0+(OPLUJKDQL³+RORJUDP6HOHFWLRQLQ5HDOLVWLF,QGRRU2SWLFDO:LUHOHVV6\VWHPV:LWK$QJOH'LYHUVLW\
5HFHLYHUV´,(((26$-2SW&RPPXQ1HWZYROQRSS±
>@ $ 7 +XVVHLQ 0 7 $OUHVKHHGL DQG - 0 + (OPLUJKDQL ³)DVW DQG (IILFLHQW $GDSWDWLRQ 7HFKQLTXHV IRU 9LVLEOH /LJKW
&RPPXQLFDWLRQ6\VWHPV´-2SW&RPPXQ1HWZYROQRSS±
>@ 6+<RXQXV$$$O+DPHHG$7+XVVHLQ07$OUHVKHHGLDQG-0+(OPLUJKDQL³3DUDOOHO'DWD7UDQVPLVVLRQLQ,QGRRU
9LVLEOH/LJKW&RPPXQLFDWLRQ6\VWHPV´,((($FFHVVYROSS±
>@ $*$O*KDPGLDQG0+(OPLUJKDQL³2SWLPL]DWLRQRIDWULDQJXODU3)'5DQWHQQDLQDIXOO\GLIIXVH2:V\VWHPLQIOXHQFHGE\
EDFNJURXQGQRLVHDQGPXOWLSDWKSURSDJDWLRQ´,(((7UDQV&RPPXQYROQRSS±
>@ $ * $O*KDPGL DQG - 0 + (OPLUJKDQL ³&KDUDFWHUL]DWLRQ RI PRELOH VSRW GLIIXVLQJ RSWLFDO ZLUHOHVV V\VWHPV ZLWK UHFHLYHU
GLYHUVLW\´LQ,&&¶,(((,QWHUQDWLRQDO&RQIHUHQFHRQ&RPPXQLFDWLRQV
>@ )($OVDDGLDQG-0+(OPLUJKDQL³3HUIRUPDQFHHYDOXDWLRQRI*ELWVDQG*ELWVRSWLFDOZLUHOHVVV\VWHPVHPSOR\LQJDWZR
GLPHQVLRQDODGDSWLYHEHDPFOXVWHULQJPHWKRGDQGLPDJLQJGLYHUVLW\GHWHFWLRQ´,(((-6HO$UHDV&RPPXQYROQRSS
±
>@ 2 = $OVXODPL 0 7 $OUHVKHHGL DQG - 0 + (OPLUJKDQL ³2SWLFDO :LUHOHVV &DELQ &RPPXQLFDWLRQ 6\VWHP´ LQ  ,(((
&RQIHUHQFHRQ6WDQGDUGVIRU&RPPXQLFDWLRQVDQG1HWZRUNLQJ&6&1SS±
>@ 2=$OVXODPL02,0XVD07$OUHVKHHGLDQG-0+(OPLUJKDQL³&RH[LVWHQFHRI0LFUR3LFRDQG$WWR&HOOVLQ2SWLFDO
:LUHOHVV&RPPXQLFDWLRQ´LQ,(((&RQIHUHQFHRQ6WDQGDUGVIRU&RPPXQLFDWLRQVDQG1HWZRUNLQJ&6&1SS±
>@ 6206DHHG6+DPLG0RKDPHG2=$OVXODPL07$OUHVKHHGLDQG-0+(OPLUJKDQL³2SWLPL]HGUHVRXUFHDOORFDWLRQLQ
PXOWLXVHU:'09/&V\VWHPV´LQVW,QWHUQDWLRQDO&RQIHUHQFHRQ7UDQVSDUHQW2SWLFDO1HWZRUNV,&721SS±
>@ 07$OUHVKHHGL DQG -0+ (OPLUJKDQL ³*EV LQGRRURSWLFDO ZLUHOHVV V\VWHPVHPSOR\LQJEHDPGHOD\SRZHU DQGDQJOH
DGDSWDWLRQPHWKRGVZLWKLPDJLQJGHWHFWLRQ´,(((26$-/LJKW7HFKQROYROQRSS±
>@ ./6WHUFN[-0+(OPLUJKDQLDQG5$&U\DQ³3\UDPLGDOIO\H\HGHWHFWLRQDQWHQQDIRURSWLFDOZLUHOHVVV\VWHPV´2SW:LUHO
&RPPXQ5HI1R,((&ROORTSS
>@ )($OVDDGL01LNNDUDQG-0+(OPLUJKDQL³$GDSWLYHPRELOHRSWLFDOZLUHOHVVV\VWHPVHPSOR\LQJDEHDPFOXVWHULQJPHWKRG
GLYHUVLW\GHWHFWLRQDQGUHOD\QRGHV´,(((7UDQV&RPPXQYROQRSS±
>@ ) ( $OVDDGL DQG -0 + (OPLUJKDQL ³$GDSWLYH PRELOH OLQH VWULS PXOWLEHDP 0&&'0$ RSWLFDO ZLUHOHVV V\VWHP HPSOR\LQJ
LPDJLQJGHWHFWLRQLQDUHDOLQGRRUHQYLURQPHQW´,(((-6HO$UHDV&RPPXQYROQRSS±
>@ 07$OUHVKHHGL DQG -0+ (OPLUJKDQL ³3HUIRUPDQFHHYDOXDWLRQ RI*ELWVDQG*ELWVPRELOHRSWLFDOZLUHOHVV V\VWHPV
HPSOR\LQJEHDPDQJOHDQGSRZHUDGDSWDWLRQZLWKGLYHUVLW\UHFHLYHUV´,(((-6HO$UHDV&RPPXQYROQRSS±

>@ ) ( $OVDDGL DQG - 0 + (OPLUJKDQL ³0RELOH 0XOWLJLJDELW ,QGRRU 2SWLFDO :LUHOHVV 6\VWHPV (PSOR\LQJ 0XOWLEHDP 3RZHU
$GDSWDWLRQDQG,PDJLQJ'LYHUVLW\5HFHLYHUV´,(((26$-2SW&RPPXQ1HWZYROQRSS±
>@ $* $O*KDPGLDQG -0 + (OPLUJKDQL ³/LQH 6WULS6SRW'LIIXVLQJ 7UDQVPLWWHU &RQILJXUDWLRQ IRU 2SWLFDO:LUHOHVV6\VWHPV
,QIOXHQFHGE\%DFNJURXQG1RLVHDQG0XOWLSDWK'LVSHUVLRQ´,(((7UDQV&RPPXQYROQRSS±
>@ )($OVDDGLDQG-0+(OPLUJKDQL³+LJKVSHHGVSRWGLIIXVLQJPRELOHRSWLFDOZLUHOHVVV\VWHPHPSOR\LQJEHDPDQJOHDQGSRZHU
DGDSWDWLRQDQGLPDJLQJUHFHLYHUV´-/LJKW7HFKQROYROQRSS±
>@ *&RVVXD0.KDOLG3&KRXGKXU\5&RUVLQLDQG(&LDUDPHOOD³*ELWVYLVLEOHRSWLFDOZLUHOHVVWUDQVPLVVLRQEDVHGRQ5*%
/('´2SW([SUHVVYROQRSS%
>@ <:DQJ<:DQJ1&KL-<XDQG+6KDQJ³'HPRQVWUDWLRQRI0EVGRZQOLQNDQG0EVXSOLQNELGLUHFWLRQDO6&0
:'0YLVLEOHOLJKWFRPPXQLFDWLRQXVLQJ5*%/('DQGSKRVSKRUEDVHG/('´2SW([SUHVVYROQRS
>@ $1HXPDQQ--:LHUHU:'DYLV<2KQR65-%UXHFNDQG-<7VDR³)RXUFRORUODVHUZKLWHLOOXPLQDQWGHPRQVWUDWLQJKLJK
FRORUUHQGHULQJTXDOLW\´2SW([SUHVVYROQR6S$
>@ )0:X&7/LQ&&:HL&:&KHQ=<&KHQDQG.+XDQJ³*EV:'09LVLEOH/LJKW&RPPXQLFDWLRQRID
6LQJOH5*%/('(PSOR\LQJ&DUULHU/HVV$PSOLWXGHDQG3KDVH0RGXODWLRQ´LQ2SWLFDO)LEHU&RPPXQLFDWLRQ&RQIHUHQFH1DWLRQDO
)LEHU2SWLF(QJLQHHUV&RQIHUHQFHS27K*
>@ 7 $.KDQ07DKLU DQG $8VPDQ ³9LVLEOH OLJKW FRPPXQLFDWLRQ XVLQJZDYHOHQJWK GLYLVLRQPXOWLSOH[LQJ IRU VPDUW VSDFHV´
&RQVXPHU&RPPXQLFDWLRQVDQG1HWZRUNLQJ&RQIHUHQFH&&1&,(((SS±
>@ ;'RQJ7(O*RUDVKLDQG-0+(OPLUJKDQL³*UHHQ,3RYHU:'0QHWZRUNVZLWKGDWDFHQWHUV´-/LJKW7HFKQROYROQR
SS±
>@ /1RQGH7(+(O*RUDVKLDQG-0+(OPLUJKDQL³(QHUJ\(IILFLHQW9LUWXDO1HWZRUN(PEHGGLQJIRU&ORXG1HWZRUNV´-
/LJKW7HFKQROYROQRSS±
>@ +00$OL7(+(O*RUDVKL$4/DZH\DQG-0+(OPLUJKDQL³)XWXUH(QHUJ\(IILFLHQW'DWD&HQWHUVZLWK'LVDJJUHJDWHG
6HUYHUV´-/LJKW7HFKQROYROQRSS±
>@ $0$O6DOLP$4/DZH\7(+(O*RUDVKLDQG-0+(OPLUJKDQL³(QHUJ\(IILFLHQW%LJ'DWD1HWZRUNV,PSDFWRI9ROXPH
DQG9DULHW\´,(((7UDQV1HWZ6HUY0DQDJYROQRSS±
>@ -5%DUU\-0.DKQ:-.UDXVH($/HHDQG'*0HVVHUVFKPLWW³6LPXODWLRQRI0XOWLSDWK,PSXOVH5HVSRQVHIRU,QGRRU
:LUHOHVV2SWLFDO&KDQQHOV´,(((-6HO$UHDV&RPPXQYROQRSS±
>@ )5*IHOOHUDQG8%DSVW³:LUHOHVV,Q+RXVH'DWD&RPPXQLFDWLRQYLD'LIIXVH,QIUDUHG5DGLDWLRQ´3URF,(((YROQR
SS±
>@ 3'MDKDQLDQG-0.DKQ³$QDO\VLVRILQIUDUHGZLUHOHVVOLQNVHPSOR\LQJPXOWLEHDPWUDQVPLWWHUVDQGLPDJLQJGLYHUVLW\UHFHLYHUV´
,(((7UDQV&RPPXQYROQRSS±
>@ 07$OUHVKHHGL$7+XVVHLQDQG-0+(OPLUJKDQL³8SOLQNGHVLJQLQ9/&V\VWHPVZLWK,5VRXUFHVDQGEHDPVWHHULQJ´,(7
&RPPXQYROQRSS±

